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ABSTRACT Bacterial vaginosis (BV) is a vaginal dysbiotic condition linked to nega-
tive gynecological and reproductive sequelae. Flagellated bacteria have been identi-
fied in women with BV, including Mobiluncus spp. and BV-associated bacterium-1
(BVAB1), an uncultivated, putatively flagellated species. The host response to flagellin
mediated through Toll-like receptor 5 (TLR5) has not been explored in BV. Using in-
dependent discovery and validation cohorts, we examined the hypothesis that TLR5
deficiency—defined by a dominant negative stop codon polymorphism, rs5744168—
is associated with an increased risk for BV and increased colonization with flagellated
bacteria associated with BV (BVAB1, Mobiluncus curtisii, and Mobiluncus mulieris).
TLR5 deficiency was not associated with BV status, and TLR5-deficient women had
decreased colonization with BVAB1 in both cohorts. We stimulated HEK-hTLR5-over-
expressing NF-kB reporter cells with whole, heat-killed M. mulieris or M. curtisii and
with partially purified flagellin from these species; as BVAB1 is uncultivated, we used
cervicovaginal lavage (CVL) fluid supernatant from women colonized with BVAB1 for
stimulation. While heat-killed M. mulieris and CVL fluid from women colonized with
BVAB1 stimulate a TLR5-mediated response, heat-killed M. curtisii did not. In contrast,
partially purified flagellin from both Mobiluncus species stimulated a TLR5-mediated
response in vitro. We observed no correlation between vaginal interleukin 8 (IL-8)
and flagellated BVAB concentrations among TLR5-sufficient women. Interspecies vari-
ation in accessibility of flagellin recognition domains may be responsible for these
observations, as reflected in the potentially novel flagellin products encoded by
Mobiluncus species versus those encoded by BVABI1.
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acterial vaginosis (BV) is a common vaginal dysbiosis, involving a bacterial commu-

nity shift from one composed of a few species of lactobacilli to a diverse commu-
nity of anaerobic and facultative bacteria with increased species richness and evenness
(1). Nugent score is the gold standard for diagnosing BV, involving examination of
Gram-stained vaginal fluid by a trained microscopist who identifies bacterial morpho-
types associated with BV or with its absence (2). While Nugent scores of 7 to 10 are
defined as bacterial vaginosis, Nugent scores of 9 or 10 are defined by the presence of
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Mobiluncus morphotypes, i.e., curved, Gram-negative rods. Vaginal Mobiluncus spp.
have been associated with host epithelial cells, flagellar structures observed using elec-
tron microscopy (3), and motility observed on wet mounts (4, 5). Using molecular
methods, our group found that many of the bacterial cells classified as Mobiluncus
morphotypes on Gram stains were BV-associated bacterium 1 (BVAB1) (6), an unculti-
vated member of the order Clostridiales (7) with high specificity for BV (8). Recently, a
BVAB1 metagenome-assembled genome (MAG) was published (9), which demon-
strated the presence of flagellar genes. Altogether, these studies raise the possibility
that these flagellated species, which have been correlated with spontaneous preterm
birth (9, 10), are able to use directed motility to ascend into the upper genital tract.
Few other vaginal bacteria are known to produce flagella.

Although the involvement of flagellated organisms in BV has been established for
over 30 years (4, 5, 11), vaginal innate immune responses to flagellin have not been
evaluated. Toll-like receptor 5 (TLR5) responds to conserved regions located in the N
and C termini of the flagellin monomer (12-15). TLR5 is strongly expressed by vaginal,
ectocervical, and endocervical epithelium (16, 17). The TLR5 single nucleotide polymor-
phism (SNP) rs5744168 encodes a C-to-T transition at base pair 1174, which changes
an arginine to a stop codon at amino acid 392 (TLR5-3925TOP). CT heterozygotes, pres-
ent in about 5 to 10% of the population, have deficient signaling in response to extrac-
ellular flagellin stimulation. The TT genotype is uncommon, and rigorous comparison
of signaling levels between CT and TT individuals has not been performed. However,
the blunted signaling of CT heterozygotes is consistent with a dominant negative
genetic model wherein a stop codon mutation in TLR5 (referred to as TLR5 deficiency)
abolishes TLR5 signaling (18) and is associated with increased susceptibility to infection
with some flagellated organisms (18-20). TLR5 deficiency was associated with
increased risk of ulcerative colitis in an Indian cohort (21) but also with decreased prev-
alence of Crohn’s disease in an Ashkenazi Jewish subpopulation in a U.S.-based study
(22), suggesting a complex relationship between TLR5-mediated immune responses
and clinical outcomes involving the microbiota.

We hypothesized that TLR5 deficiency would be associated with increased risk of
clinically and microbiologically defined BV, as well as increased colonization with the
flagellated BV-associated bacteria (BVAB) Mobiluncus curtisii, Mobiluncus mulieris, and
BVABI1. Contrary to our hypothesis, we found no relationship between TLR5 deficiency
and BV, and we also found that TLR5 deficiency is associated with decreased coloniza-
tion with M. mulieris and BVAB1 but not with differences in M. curtisii colonization. We
probed this relationship further, finding that cellular products of BVAB1 and flagellin
from M. mulieris and M. curtisii stimulate a TLR5-specific innate immune response. We
predicted this would lead women with TLR5 sufficiency to have higher concentrations
of the chemokine interleukin 8 (IL-8) with increasing concentrations of these flagel-
lated BVAB. IL-8 was selected because it is induced by flagellin, regulated by TLR5,
secreted by HEK293 cells, and present in vaginal fluid from women with BV. Contrary
to expectations, IL-8 was not correlated with absolute abundance of BVAB1, M. mulieris,
or M. curtisii. Differences in flagellin composition among bacteria may explain differen-
ces in TLR5 responses noted here.

RESULTS

Cohort characteristics. A longitudinal discovery cohort was composed of 213
women enrolled from the community in Seattle, WA, of whom 124 were BV negative
by Amsel’s clinical criteria (123 were BV negative by Nugent score) at enrollment. As
our subsequent analyses were based on a subset of 189 with resolved TLR5 rs5744168
genotypes, we present the demographics of this subset here (Table 1). Cumulative inci-
dence of BV among the BV-negative women in the discovery cohort was 36/113 (32%)
by Amsel’s criteria and 35/111 (32%) by Nugent score. Concordant with previous stud-
ies (23), a history of BV was more common among participants with BV at enrollment.

We compared the demographic and baseline clinical characteristics of the women
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TABLE 1 Discovery cohort demographics

BV~ BV* Total
(n=113)7 (n=76)° (n=189)
Characteristic No. % No. % No. % P
Race
AIAN/NHPI¢ 6 5 1 1 7 4 0.13
Asian 2 2 1 1 3 2
African-American 28 25 32 42 60 32
Caucasian 65 58 38 50 103 54
Other 1 10 4 5 15 8
Two or more races 1 1 0 0 1 1
Ethnicity
Hispanic 8 7 5 7 13 7 0.91
Non-Hispanic 91 81 61 80 152 80
Refused to report 14 12 10 13 24 13
Age (yr)
18-30 52 46 38 50 20 48 0.15
31-40 29 26 25 33 54 29
41-50 31 27 11 14 42 22
Refused to report 1 1 2 3 3 2
Hormonal contraception
Yes 37 33 26 34 63 33 0.96
No 76 67 50 66 126 67
Refused to report 0 0 0 0 0 0
History of BV
Yes 69 61 64 84 133 70 <0.01
No 41 36 10 13 51 27
Refused to report 3 3 2 3 5 3

9Bacterial vaginosis diagnosed by Amsel's criteria.
bP ., P value by Chi-square test.
cAIAN/NHPI, American Indian, Alaska Native, Native Hawaiian, Pacific Islander.

whose genotypes were resolved compared to those whose genotypes we were unable
to resolve (Table S1). In general, the two groups had similar composition by Nugent
score, ethnicity, age, use of hormonal contraception, and history of BV. However, racial
composition differed between the two groups (P=0.03), with more African-American
and fewer Caucasian women having unresolved genotypes.

The validation cohort was composed of 45 BV-negative and 66 BV-positive women
(59% BV positive by Amsel’s criteria) (Table 2). Similar patterns were seen in this cohort
with regard to race, ethnicity, and history of BV, with a wider age range of premeno-
pausal women (ages 18 to 59), and fewer women reporting use of hormonal contra-
ceptives (21%).

TLR5 deficiency is not associated with clinically or microbiologically defined BV
status. We hypothesized that TLR5 deficiency is associated with increased risk of both
clinically and microbiologically defined BV. Contrary to our hypothesis, TLR5 deficiency
was not associated with risk of incident BV in the discovery cohort or odds of BV in the
validation cohort (Fig. 1A and B). Furthermore, TLR5 deficiency did not correlate with
the following characteristics associated with BV: race, age, hormonal contraception,
and self-reported history of BV (Table 3 [discovery cohort] and Table 4 [validation
cohort]).

To explore whether TLR5 deficiency could specifically impact colonization with
Mobiluncus morphotypes identified in Nugent scoring of Gram stains, we performed
an exploratory analysis examining whether TLR5 deficiency was associated with vagi-
nal fluid Nugent scores of 9 or 10 (which are associated with Mobiluncus morphotypes).
Strikingly, in the discovery cohort, women with TLR5 deficiency were less likely to
have Mobiluncus morphotypes on vaginal fluid Gram stains (Fig. 1C). In a survival analy-
sis examining time to first Nugent score of 9 or 10, no TLR5-deficient women were

March 2021 Volume 89 Issue 3 e00060-20

Infection and Immunity

iaiasm.org 3


https://iai.asm.org

dela Cruzetal.

TABLE 2 Validation cohort enroliment demographics

Total
BV~ (n=45)" BV' (n=66)" (n=111)
Characteristic No. % No. % No. % p..°
Race
AIAN/NHPI¢ 0 0 2 3 2 2 0.01
Asian 1 2 5 8 6 5
African-American 9 20 27 14 36 32
Caucasian 29 64 21 32 50 45
Other 6 13 8 12 14 13
Two or more races 0 0 3 5 3 3
Ethnicity
Hispanic 5 1 5 8 10 9 0.75
Non-Hispanic 36 80 45 68 81 73
Refused to report 4 9 16 24 20 18
Age (yr)
18-30 24 53 40 61 64 58 0.25
31-40 9 20 12 18 21 19
41-50 7 16 9 14 16 14
51-60 5 11 2 3 7 6
Refused to report 0 0 3 5 3 3
Hormonal contraception
Yes 12 27 i 17 23 21 0.35
No 32 71 51 77 83 75
Refused to report 1 2 4 6 5 5
History of BV
Yes 24 53 50 76 74 67 0.01
No 21 47 14 21 35 32
Refused to report 0 0 2 3 2 2

9Bacterial vaginosis diagnosed by Amsel's criteria.
bP ., P value by Chi-square test.
cAIAN/NHPI, American Indian, Alaska Native, Native Hawaiian, Pacific Islander.

observed at a clinic visit to have a Nugent score of 9 or 10 in 24.8 person-years of fol-
low-up time, compared with 14 Nugent scores of 9 or 10 observed in 61.0 person-years
of follow-up in TLR5-sufficient women (P=0.02, log-rank test). In the validation cohort,
1 of 8 (13%) TLR5-deficient versus 21 of 103 (20%) TLR5-sufficient women had Nugent
scores of 9 or 10 (Fig. 1D). However, our logistic regression model identified no associa-
tion between TLR5 genotype and BV diagnosis (P=0.60).

TLR5 deficiency is associated with decreased colonization with BVAB1 and M.
mulieris. While our original hypothesis posited that concentrations of BVAB1 and
Mobiluncus spp. are increased in TLR5-deficient women, the decreased incidence and
prevalence of Mobiluncus morphotypes by Gram stain suggested the opposite. To
probe this further, BVAB1 colonization was measured using quantitative PCR (qPCR) in
matched TLR5-deficient and -sufficient individuals in the discovery cohort (Fig. S1). We
found that BVAB1 concentrations were significantly decreased in women with TLR5
deficiency (Fig. 2A and B). As expected, nonflagellated vaginal bacteria were not signifi-
cantly different between TLR5-sufficient and -deficient discovery cohort participants
(Fig. S2). Specifically, we examined Gardnerella spp. and Lactobacillus crispatus as repre-
sentative, nonflagellated vaginal bacteria associated with BV and its absence, respec-
tively. The correlation between TLR5 deficiency and decreased BVAB1 colonization was
replicated in the validation cohort (Fig. 2C).

In matched TLR5-deficient and -sufficient participants in the validation cohort
(Table S2), TLR5-deficient women had significantly decreased concentrations of M.
mulieris (Fig. 2D) and no significant differences in M. curtisii (Fig. 2E). Concentrations of
Mobiluncus spp. were not assessed in the discovery cohort. As in the discovery cohort,

March 2021 Volume 89 Issue 3 e00060-20

Infection and Immunity

iaiasm.org 4


https://iai.asm.org

TLR5 Deficiency and Vaginal Bacteria

=~

A Hazard Ratio=0.65; 95% CI: [0.31, 1.39]; p=0.27

10- = 105 2y

it

=
o
[l

0.8 -

o
=N
'

0.6-

=g
NS
1

0.4-

diagnosis of BV

=
o
'

0.2~

Proportion without clinical
diagnosis of BV
_|._
1
Proportion without microbiological

0.0- 0.0-

500 0 30

150 200 250 300 350 400 450
Days post—enrollment

0 50 100

CC (Sufficient) . CT/TT (Deficient)

TLRS rs5744168 — ¢ =

a
=

p=0.02 (log—rank test)

172]

[0

B 100 Hie o A - 4=+ ]

]

) %‘ 0.3-
5 =

g =

ES 0.75- S ~
3 88

Q

== 2 1 0.2-
= e g

E 3 g8

S 3 050- = 8

- g e - 0.1-
2% =

= B = an

B Z 025- =
5< 0 5z

8 & oo
£ =

3 2

S 0.00- =

St 1 1 1 1 1 1 ] 1 1 1 1 St

A 0 50 100 150 200 250 300 350 400 450 500 A~ 0

Days post—enrollment

CC (Sufficient) ___ CT/TT (Deficient)

TLRS 155744168 — <3 -

TLRS 155744168

Infection and Immunity

Hazard Ratio=1.1; 95% CI: [0.54, 2.23]; p=0.79

100 150 200 250 300 350 400 450 500

Days post—enrollment

CC (Sufficient) . CT/TT (Deficient)
n=71 n=40

OR=0.56, CI=[0.07, 4.79] (p=0.60)

TLRS 155744168
CC (Sufficient)
n=103

TLRS 155744168
CT/TT (Deficient)
n=8

FIG 1 TLR5 deficiency is associated with decreased risk of having BV with the presence of Mobiluncus morphotypes. (A to C) Survival curves and results of
Cox proportional hazards regression comparing time to first episode of BV associated with a clinic visit among TLR5-deficient (purple dashed line) versus
TLR5-sufficient (orange solid line) women in the longitudinal discovery cohort. (A) TLR5-deficient and -sufficient women are at similar risk of clinically
defined BV (Amsel’s criteria). (B) TLR5-deficient and -sufficient women are at similar risk of microbiologically defined BV (Nugent criteria). (C) Survival curve
depicting the proportion without clinic-associated BV associated with the presence of Mobiluncus morphotypes. Of 47 TLR5-deficient women, none were
observed to have Mobiluncus morphotypes at a follow-up clinic visit, compared to 14 of 113 TLR5-sufficient women (P=0.02; log-rank test). (D) TLR5-
deficient women in the validation cohort showed no significant difference in prevalence of Mobiluncus morphotypes. Dots and lines represent proportions

of participants diagnosed with BV and 95% confidence intervals (Cl), respectively. OR, odds ratio.

Gardnerella spp. and L. crispatus were not significantly different between TLR5-deficient
and -sufficient women in the validation cohort (Fig. S3).

Predicted TLR5 agonism based on flagellin amino acid sequences. The data pre-
sented thus far led us to hypothesize that TLR5 deficiency protects against colonization
with BVAB1 and M. mulieris (but not M. curtisii). To explore how such a relationship
could be mediated, we investigated the flagellin amino acid sequences (FlaA) known
to be encoded by these species, though the FlaA sequences from the women in our
study were not specifically assessed. We examined FlaA amino acid sequence align-
ments for the appearance of conserved and variable domains. These sequences were
compared to characterized TLR5 agonists (24) and sequences from flagellated bacteria
that are known to escape TLR5 recognition (13). We noted differences in the number
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TABLE 3 Discovery cohort allele frequency

No. with TLR5
rs5744168 allele
Characteristic cc CTe TT® Total no. P
Total 138 47 4 189
Race
AIAN/NHPIY 6 1 0 7 0.45
Asian 2 1 0 3
African-American 47 12 1 60
Caucasian 72 28 3 103
Other 1 4 0 15
Two or more races 0 1 0 1
Age (yr)
18-30 66 22 2 920 0.76
31-40 39 15 0 54
41-50 30 10 2 42
Refused to report 3 0 0 3
Hormonal contraception
Yes 45 16 2 63 0.86
No 93 31 2 126
Refused to report 0 0 0 0
History of BV
Yes 98 31 4 133 0.30
No 35 16 0 51
Refused to report 5 0 0 5

apP value comparing demographics in TLR5-sufficient versus TLR5-deficient women.
bTLRS sufficient.

TLR5 deficient.

dAIAN/NHPI, American Indian, Alaska Native, Native Hawaiian, Pacific Islander.

of flaA genes present in each organism. M. curtisii isolates consistently possessed two
flaA genes each, while M. mulieris genomes contained between three (strain ATCC
35239) and six (strains FB024-16 and 28-1) flaA genes, each of which appeared sequen-
tially distinct, suggesting that the observations noted are not a result of sequencing
artifacts or errors. In comparison, most Listeria monocytogenes isolates possess a single
flaA gene. As depicted in Fig. 3A, FlaA from Mobiluncus spp. were highly variable. Both
M. curtisii and M. mulieris encode a potentially novel FlaA sequence with a so-called
disordered domain attached to the highly conserved N-terminal. This disordered do-
main was approximately 112 amino acids long in M. curtisii and 252 amino acids long
in M. mulieris. The hypervariable D2 and D3 regions are bound by antibodies to the
flagellar filament; among Mobiluncus species, these regions varied in length as well.
Structural threading using phyre2 (25) revealed no structural homologies between the
disordered domains contained in M. curtisii or M. mulieris, although the C termini
of these genes mapped with 100% confidence to well-described flagellin crystal
structures.

The BVAB1 MAG appeared to contain one full-length flaA gene in addition to three
flaA gene fragments with significantly shortened N and C termini, possibly suggesting
that this organism likewise possesses multiple flaA genes. We further examined the
presence of flaA genes in a metagenome assembly we generated from a vaginal sam-
ple in which BVAB1 was the dominant microorganism (~70% relative abundance). In
this assembly of over 4,000 contigs ranging from 0.5 to 343 kb in length, we identified
five full-length flaA genes on long, high-coverage contigs (39 to 189kb in length;
>40x coverage), all of which aligned with 97 to 100% amino acid identity to the FlaA
sequences present in the BVAB1 MAG (9).

Using the four high-coverage full-length FlaA sequences from our BVAB1 assembly,
the BVAB1 MAG FlaA sequence, and those from published Mobiluncus genomes, we
analyzed a 10-amino-acid sequence in the N-terminal conserved domain that is highly
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TABLE 4 Validation cohort allele frequency

No. with TLR5 rs5744168 allele

Characteristic cet CTe TT® NR¢ Total no. 2]
Total 103 8 0 0 111
Race
AIAN/NHPI¢ 2 0 0 0 2 0.63
Asian 6 0 0 0 6
African-American 35 1 0 0 36
Caucasian 44 6 0 0 50
Other 10 4 0 0 14
Two or more races 3 0 0 0 3
Age (yr)
18-30 61 3 0 0 64 0.23
31-40 17 4 0 0 21
41-50 15 1 0 0 16
51-60 7 0 0 0 7
Refused to report 3 0 0 0 3
Hormonal contraception
Yes 23 0 0 0 23 0.27
No 75 8 0 0 83
Refused to report 5 0 0 0 5
History of BV
Yes 67 7 0 0 74 0.40
No 34 1 0 0 35
Refused to report 2 0 0 0 2

apP value comparing demographics in TLR5-sufficient versus TLR5-deficient women.
bTLRS sufficient.

TLR5 deficient.

9NR, genotype was unable to be resolved or was not obtained.

¢AIAN/NHPI, American Indian, Alaska Native, Native Hawaiian, Pacific Islander.

conserved across flagellated species and predicted to bind TLR5 (24). Within this 10-
amino-acid sequence, we examined three key amino acids, shown by Smith et al. (12)
to be important for both TLR5 recognition and flagellar motility. Based on our epidemi-
ological findings, we predicted that BVAB1 and M. mulieris would have flagellin amino
acid sequences with key recognition and motility residues conserved, while M. curtisii
would have at least one key amino acid substitution.

Consistent with our hypothesis, the three key amino acids we examined were con-
served in both isoforms of BVAB1 FlaA as well as all M. mulieris isolates (Fig. 3B). Thus,
we predicted that BVAB1 and M. mulieris would stimulate a TLR5 response. M. curtisii
isolates consistently had a single glutamine-to-lysine (Q-K) substitution in the last
amino acid of the TLR5 recognition sequence (Fig. 3B). However, most species that
escape TLR5 recognition possess substitutions in 2 or 3 of 3 key residues; thus, we pre-
dicted incomplete abrogation of TLR5 agonism resulting from stimulation with M. curti-
sii FlaA.

Partially purified flagellin from Mobiluncus spp. stimulates a TLR5-dependent
immune response. We tested our sequence-based predictions with a HEK TLR5 re-
porter cell line stimulated with heat-inactivated M. curtisii ATCC 35241 and M. mulieris
UPII 28-1. Even though HEK cells were inoculated with the equivalent of approximately
10 CFU of M. curtisii (multiplicity of infection [MOI]=79) or 103> CFU of M. mulieris
(MOI< 1), we consistently found that M. mulieris produced a TLR5-specific NF-kB
inflammatory response, while M. curtisii did not (P=0.002) (Fig. 4A).

Because the presence of other bacterial products may inhibit agonism of TLR5 by
M. curtisii, we partially purified FlaA using methods adapted from the work of Smith et
al. (12). Confirming results obtained using whole, heat-inactivated bacteria, partially
purified flagellin from M. mulieris stimulated a TLR5 immune response. In contrast to
whole, heat-killed M. curtisii organisms, stimulation with partially purified flagellin from
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FIG 2 TLR5 deficiency is associated with decreased colonization with BVAB1 and M. mulieris. (A) Discovery cohort colonization with BVAB1 in TLR5-deficient
cases and matched TLR5-sufficient controls, divided into separate box plots with overlaid scatterplots for each study participant to show within-subject
variability. Women with TLR5 deficiency had an average of 1.2-log,, fewer BVAB1 16S rRNA gene copies per swab than matched controls (P=0.02; analysis
of variance [ANOVA]). (B) Discovery cohort colonization with BVAB1 in TLR5-deficient cases and matched TLR5-sufficient controls, depicted as a daily,
moving average aggregated by TLR5 deficiency versus sufficiency (shading depicts 95% bootstrapped confidence interval). At the vast majority of time
points after BV diagnosis, the confidence intervals of mean colonization with BVAB1 in TLR5-deficient and sufficient participants do not overlap, providing
evidence that TLR5-deficient women have lower concentrations of BVAB1. (C and D) In the validation cohort, TLR5-deficient women had an average of 1.36
log,, fewer BVAB1 16S rRNA gene copies per swab than TLR5-sufficient women (C) and 1.98 log,, fewer M. mulieris 16S rRNA gene copies per swab (D). (E)
In the validation cohort, TLR5-sufficient and -deficient women had similar colonization with M. curtisii.

M. curtisii surprisingly elicited a TLR5-dependent immune response (Fig. 4A). This con-
trast in TLR5 stimulation resulting from M. curtisii heat-inactivated whole cells versus
partially purified flagellin monomers is unexpected and is explored in greater detail in
Discussion.

Cervicovaginal lavage fluid from women colonized with BVAB1 stimulates a
TLR5-dependent immune response. Unlike Mobiluncus species, BVAB1 has not (to
our knowledge) been grown in pure culture. Thus, we obtained cervicovaginal lavage
(CVL) fluid supernatant from women enrolled in a third cohort (cohort 3) colonized to
various degrees with M. curtisii and M. mulieris and extensively colonized with BVAB1
(Table S3). HEK Blue Null1 and hTLR5 cells were incubated with CVL fluid supernatant
and examined for NF-kB activation. CVL fluid from women extensively colonized with
BVAB1 and M. mulieris—with fewer than 10> M. curtisii 16S rRNA gene copies per swab
—stimulated a TLR5-mediated NF-kB response. When more than 10> M. curtisii 16S
rRNA gene copies per swab were present, an NF-kB response was stimulated, but this
response did not appear to be mediated through TLR5 specifically, as evidenced by
inflammatory response generated in Null1 cells (Fig. 4B). Results shown are the aggre-
gate of two biological replicates.

Vaginal IL-8 concentration does not correlate with absolute concentration of
BVAB1, M. mulieris, or M. curtisii in TLR5-sufficient women. As a corollary to our HEK
reporter cell assay results, we hypothesized that proinflammatory chemokine IL-8 con-
centrations would correlate with concentrations of BVAB1, M. mulieris, and M. curtisii in
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Salmonella enterica serovar Typhimurium LQRVRELAVQ
Pseudomonas aeruginosa LORIRDLALQ
Listeria monocytogenes LORMRQLAVQ
Escape TLRS Recognition
Helicobacter pylori LDTVKVKATQ
Campylobacter jejuni LDTIKTKATQ
Caulobacter crescentus LGKMKEKALA
Bacterial vaginosis-associated bacteria
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FIG 3 Alignment of FlaA amino acid sequences reveals diversity among BVAB. (A) Schematic depicting alignments of FlaA amino acid sequences from
BVAB1 (1 MAG, 1 vaginal metagenome), M. curtisii (3 genomes), and M. mulieris (4 genomes). Hypervariable domains are in green; blue represents
conserved regions. The width of each box is proportional to the number of amino acids in each domain. Gray boxes highlight the location of the 10-
amino-acid sequence within N-terminal DO/D1 previously found to be highly conserved and necessary for TLR5 recognition (24). These alignments revealed
a novel disordered domain attached to the N terminus of M. curtisii (112 amino acids [aa]) and M. mulieris (252 aa) FlaA sequences. This FlaA sequence
with the disordered domain was present in each of the M. mulieris and M. curtisii genomes analyzed. While the C-terminal DO and D1 domains were

(Continued on next page)
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FIG 4 TLR5 responses associated with heat-inactivated M. mulieris, partially purified FlaA from M. curtisii, and vaginal fluid from women colonized with
BVAB1. HEK293 cells transfected with a plasmid containing a NF-kB-driven secretory embryonic alkaline phosphatase (SEAP) reporter alone (HEK Blue Null1)
or in addition to a plasmid encoding hTLR5 (HEK Blue hTLR5) were acquired from Invivogen (San Diego, CA). Cells were stimulated with heat-inactivated
Mobiluncus (A, left), partially purified flagellin from Mobiluncus (A, right), or cervicovaginal lavage (CVL) fluid from validation cohort study participants with
various concentrations of BVAB1, M. mulieris, and M. curtisii (B). ODs,, indicates SEAP activity as a readout of NF-kB inflammatory response. Each biological
replicate consisted of three technical replicates. (A) Heat-inactivated M. mulieris stimulates a TLR5-specific inflammatory response, while heat-inactivated M.
curtisii does not stimulate TLR5. However, partially purified flagellin monomers from M. curtisii stimulate a TLR5-dependent immune response. As expected,
partially purified flagellin from M. mulieris also stimulates a TLR5-dependent immune response. The positive control was flagellin from Bacillus subtilis (FlaA);
the negative control was PBS. Results depict blank-subtracted values from two biological replicates. (B) Vaginal fluid from cohort 3 participants extensively
colonized with BVAB1 stimulate TLR5-dependent inflammatory responses. Cervicovaginal lavage (CVL) fluid from women extensively colonized with BVAB1
(>10® 16S rRNA gene copies per swab)—in the absence of substantial colonization with M. curtisi—stimulates a TLR5-mediated inflammatory response. In
the presence of M. curtisii, a non-TLR5-specific response is stimulated. Results depict blank-subtracted values from two biological replicates. On the x axis,
the designations C30, C3G, etc., correspond to randomly assigned labels given to samples collected from cohort 3 (C3) and map to Table S3. Bright color
bands at the top indicate that 16S rRNA gene copies in the vaginal fluid were greater than the following thresholds for the bacterial species indicated to
the left of the bar, while dim color bands indicate that they were less than the threshold: green = 108 BVAB1; blue =500 M. mulieris; aqua = 10° M. curtisii.

TLR5-sufficient women. To test this prediction, we assayed IL-8 concentrations in vagi-
nal swab supernatant from the TLR5-sufficient validation cohort participants using
enzyme-linked immunosorbent assay (ELISA). However, we found no significant corre-
lation between vaginal concentrations of IL-8 and flagellated BVAB (data not shown).
Similarly, no correlation was observed between vaginal concentrations of IL-8 and
Gardnerella vaginalis (Fig. S4).

Absolute concentrations of BVAB1 and M. mulieris are correlated. The absence
of an association between IL-8 and flagellated bacterial concentrations led us to
hypothesize that these bacteria may evade the immune response. Specifically, we
hypothesized that the FlaA containing a disordered N-terminal domain encoded by M.
curtisii and M. mulieris may act as a TLR5 antagonist. BVAB1 and Mobiluncus spp. often
co-occur (6, 26); because BVAB1 does not encode a flagellin with a disordered domain,
BVAB1 may benefit from the presence of Mobiluncus spp. if these bacteria produce a
factor that mediates immune evasion.

Based on this premise, we hypothesized that BVAB1 concentrations would correlate
with both M. curtisii and M. mulieris concentrations. To test this hypothesis, we

FIG 3 Legend (Continued)

relatively conserved across species, size of D2 and D3 hypervariable region ranged from 29 to 273 aa. N-terminal DO and D1 domains ranged from 88 to
150 aa. (B) Details of the 10-amino-acid sequence recognized by TLR5, with key amino acid residues in bold. Underlined residues are departures from the
sequence in canonical TLR5 agonists; residues in red are mutations found to be important for both TLR5 recognition and flagellar motility. FlaA from
BVAB1 and M. mulieris have no mutations in key residues and are anticipated to act as TLR5 agonists. The Q-to-K mutation in the 10th amino acid in M.
curtisii may result in decreased TLR5 agonism.
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FIG 5 Correlations between flagellated BVAB concentrations among TLR5-sufficient women. Among
TLR5-sufficient women in the validation cohort, there was a statistically significant, positive correlation
between BVAB1 and M. mulieris colonization (A); however, BVAB1 and M. curtisii were not correlated (B),
nor were M. curtisii and M. mulieris (C).

examined pairwise correlations between the three flagellated species in our validation
cohort. We found a significant, positive correlation between concentrations of BVAB1
and M. mulieris (Fig. 5A) (Spearman correlation = 0.46; P=0.008). There were no signifi-
cant correlations between BVAB1 and M. curtisii (Fig. 5B) or between M. mulieris and M.

March 2021 Volume 89 Issue 3 e00060-20 iaiasm.org 11


https://iai.asm.org

dela Cruzetal.

curtisii (Fig. 5C). Together, these data suggest that BVAB1 and M. mulieris may benefit
from TLR5 stimulation combined with host inflammatory attenuation or dysregulation
in vivo.

DISCUSSION

Although it has been over 3 decades since flagellated bacteria were observed in
vaginal fluid from women with BV (3, 4, 11), the role of TLR5-modulated innate
immune recognition of flagellin has never been explored in this syndrome. Here, we
demonstrated an epidemiological association between genetically encoded TLR5 defi-
ciency and decreased risk of Nugent scores of 9 or 10 (associated with the presence of
Mobiluncus morphotypes on Gram stains) in the discovery cohort (2). While these
results were not replicated in our validation cohort, our validation cohort demon-
strated a trend consistent with discovery cohort findings that may be limited by sam-
ple size and power. Exploring how TLR5 deficiency affects colonization, we found
decreased absolute abundance of BVAB1 by quantitative PCR in women with TLR5
deficiency in both discovery and validation cohorts. In the validation cohort, we found
decreased absolute abundance of M. mulieris in women with TLR5 deficiency without
any differences in M. curtisii absolute abundance detected. We explored the mecha-
nisms underlying this surprising relationship first by exploring FlaA amino acid sequen-
ces encoded by these flagellated BVAB. We found that while FlaA proteins encoded by
BVAB1 appear very similar to well-characterized TLR5 agonists, FlaA proteins encoded
by Mobiluncus spp. are highly variable, including a FlaA predicted to have a large, N-
terminal disordered domain not found on other flagellins. We demonstrated robust
TLR5 agonism resulting from stimulation with partially purified FlaA from Mobiluncus
spp., although M. curtisii heat-inactivated cells did not stimulate a TLR5 response. One
limitation of our approach was that extracts of flagellin were crude, and it is possible
that other proteins were present that impacted the TLR5 NF-kB inflammatory response
in vitro (Fig. 4B). Because BVAB1 has not been grown in pure culture, we used CVL fluid
supernatants from women colonized with various concentrations of BVAB1 and found
that CVL fluid from women extensively colonized with BVAB1 stimulates a TLR5-de-
pendent NF-kB inflammatory response. These results suggest decreased accessibility of
the portion of flagellin that interacts with TLR5 in whole M. curtisii cells. Last, we
explored IL-8 concentration in TLR5-sufficient women and found no correlation
between concentrations of TLR5-agonist species (BVAB1, M. mulieris, and M. curtisii)
and IL-8. However, absolute concentration of BVAB1 and M. mulieris were correlated in
TLR5 sufficient women, suggesting possible growth synergy between these two organ-
isms, such as by cross-feeding of nutrients.

Although TLR5 expression has been noted in multiple cell types in the female repro-
ductive tract, including epithelial cells in the vagina and cervix (27), it is unclear
whether TLR5 is primarily present on the epithelial surface, where it can interact with
the resident microbiota, or on the basolateral surface of the epithelium, where it might
detect invading pathogens. Ali et al., in their study of recurrent urinary tract infection
in women (28), demonstrated that both the immortalized vaginal cell line VK2 E6/E7
and primary vaginal epithelial cell lines respond to flagellated Escherichia coli via TLR5/
NF-kB with production of human beta-defensin-2 protein, highlighting the important
role of TLR5 signaling in this cell type and the potential of secreted effectors to impact
the microbiota. Another limitation of our in vitro work is that HEK293 cells are of renal
origin, and vaginal epithelial cells may have different responses to flagellated bacteria.

We put forth the following hypotheses based on the data presented here. We
hypothesize that M. mulieris and BVAB1 require a host inflammation-associated prod-
uct of TLR5 agonism in order to robustly colonize. We have shown that M. mulieris and
BVAB1 stimulate TLR5 and provoke a NF-kB-dependent proinflammatory response; we
predict this creates a niche for these species to occupy. This inflammatory response
may decrease availability of host nutrients used by vaginal lactobacilli (e.g., glycogen
or metal ions, such as Mn2* and Mg?™) or cause the direct elimination of lactobacilli
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(via release of host antimicrobial proteins, for example). Mobiluncus spp. have been
found by electron microscopy to localize in close association with host epithelial cells
(3), suggesting that these flagellated bacteria are able to attach to host cells. The
innate immune response to flagellin could facilitate attachment sites used by BVAB1 or
M. mulieris—this could occur in the form of upregulation or posttranslational modifica-
tions to host cell surface proteins. Alternatively, considering the reproductive impera-
tive to prevent infection of the uterus, TLR5 agonism could lead to changes in mucin
production in the cervix to reinforce a mechanical barrier to invasion; mucin could be a
nutrient source for these bacteria. Finally, the lack of IL-8 response to flagellated BVAB
in TLR5-sufficient women may indicate that flagellated BVAB themselves modulate the
immune response or that flagellated BVAB benefit from other microbes present in BV
that secrete substances with immunomodulatory effects (e.g., short-chain fatty acids
and proteases).

While the TLR5-mediated immune response to flagellated bacteria possibly sup-
ports robust vaginal colonization with some species, we hypothesize that this response
results in protection from ascending infection with these bacteria. This question could
be examined in cohort studies of pelvic inflammatory disease or preterm birth. In addi-
tion, future studies could take a multi-omics approach to examine how flagellin stimu-
lation of lower-genital-tract mucosa changes gene expression, as well as the proteome,
glycome, and metabolome. Last, the innate immune response to flagellated organisms
is mediated by TLR5, which recognizes extracellular flagellin, and NLRC4, which recog-
nizes cytosolic flagellin (29). Here, we focused on TLR5, as NLRC4 does not have any
well-characterized, common SNPs. As data on NLRC4 genetic variation emerges, future
studies could examine whether NLRC4 plays a role in vaginal colonization with flagel-
lated organisms.

The disordered domain present at the N termini of some M. mulieris and M. curtisii
flagellin alleles may constitute a novel bacterial adaptation for influencing host
immune response. These disordered domains have highly variable sequences between
species, which leads us to hypothesize that these domains play unique roles in the life
cycle of each species. Intrinsically disordered protein regions, or domains, are common
in nature and frequently confer complementary functions to ordered domains in a pro-
tein, such as an active site (30). These domains can affect protein structure and func-
tion through many mechanisms, such as by posttranslational modification, folding, cre-
ation of “fuzzy complexes,” and interactions with other proteins (31). Disordered
protein regions have been described in genes encoding flagellin and affect function of
the flagellar motor (32, 33). We hypothesize that M. mulieris uses this disordered do-
main for steric inhibition of TLR5 dimerization and downstream immune response.
Moreover, these disordered-domain-containing flaA genes may be differentially
expressed depending on stage of colonization. For example, because this bulky disor-
dered domain may interfere with stacking of flagellin monomers (and thus would in-
hibit motility), this particular flaA gene may be expressed only after the bacterium has
attached to a host cell. Additional studies are necessary to establish whether these
novel flaA genes are expressed and to identify sigma factors associated with upregula-
tion of these novel flaA genes to elucidate the conditions under which these genes are
expressed.

Conversely, we believe that disordered domain flagellin genes may have a different
function in M. curtisii. We hypothesize that the disordered domain provides greater sta-
bility to the flagellar filament, shielding the conserved regions of FlaA from TLR5 and
resulting in immune evasion. We hypothesize that this disordered-domain-mediated
stability is the mechanism underlying the lack of TLR5 stimulation from heat-inacti-
vated M. curtisii (where the domain is intact) versus the robust TLR5 stimulation result-
ing from partially purified M. curtisii flagellin monomers that we describe here.

Our data suggest that the condition defined clinically and microbiologically as BV is
not caused by the presence of flaA in BVAB1 or M. mulieris and its interaction with
TLR5. Muzny et al. demonstrated no significant difference in BVAB1 colonization in
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women who develop incident BV compared to those who do not in a cohort of
African-American women who have sex with women (34). Although the data presented
in our work suggest the possibility that vaginal colonization with BVAB1 and M. mulie-
ris may be facilitated by signaling of TLR5 through a functional ligand of FlaA, we have
no evidence that BVAB1 or its FlaA gene plays a role in incident BV. Nonetheless, data
presented here suggest that vaginal colonization with BVAB1 and M. mulieris may be
facilitated by signaling of TLR5 through a functional ligand of FlaA.

Because TLR5 deficiency appears to protect against colonization with specific BVAB
but does not prevent the appearance of clinically or microbiologically defined BV, it is
unlikely that treatment with TLR5 antagonists would be an effective preventive mea-
sure against BV. However, it is possible that TLR5 antagonism could protect against BV
caused by BVABT dominant communities. The data presented here suggest that BV
involving BVAB1 and/or M. mulieris may have a distinct inflammatory phenotype differ-
entiating it from BV not involving these species. These observations open new avenues
for understanding how specific vaginal bacteria interact with the host to produce
adverse health outcomes in women.

MATERIALS AND METHODS

Cohort enrollment. Two independent cohorts were enrolled: a longitudinal discovery cohort of 213
women and a cross-sectional validation cohort of 111 women. Study participants gave written, informed
consent to participate in both studies and were enrolled from the Public Health Seattle and King County
Sexually Transmitted Diseases Clinic (PHSKC STD Clinic) and the University of Washington Infectious
Diseases/Virology Research Clinic. Each study enrolled both women with and without prevalent BV, and
cohorts were composed of nonpregnant women of reproductive age.

The discovery cohort (cohort 1; NIH project RO1 Al061628) participants were enrolled between 2012
and 2015 and had regularly scheduled follow-up study clinic visits (at 30, 60, 90, and 180 days and
approximately 1 year after enrollment). This study was approved by the Institutional Review Board (IRB)
at the Fred Hutchinson Cancer Research Center (number 7683). Written, informed consent was obtained
from all study participants. Study clinicians collected behavioral, medical, and sexual history, performed
speculum exams, collected vaginal swabs; and assessed women for BV using Amsel’s criteria. Swabs col-
lected at these visits were used for Gram staining and Nugent scoring for microbiological diagnosis of
BV. Cohort 1 participants self-collected vaginal swabs on a daily basis (as previously described [35]).
These swabs were collected daily for up to 90days and then weekly for an additional 90days.
Participants mailed these swabs to our laboratory on a daily basis, or alternatively were allowed to store
them in their home freezer for batch transportation to their study clinic appointments. Upon arrival at
our laboratory, samples were stored at —80°C until thawed for DNA extraction and downstream
analysis.

A subset of 75 participants from cohort 1 were selected for characterization of the vaginal micro-
biome via genus- and species-specific quantitative PCR. Participants were selected based on the propor-
tion of daily samples collected and prevalent or incident BV during enrollment. All participants selected
for microbiome characterization collected at least 30 consecutive daily samples. Sixty-one of these par-
ticipants developed at least one episode of BV by Nugent score during their enrollment.

The validation cohort (cohort 2; NIH project R56 Al052228-06A2) participants were enrolled between
2012 and 2013. Enrollment of cohort 2 was approved by the Fred Hutchinson Cancer Research Center
IRB (number 1789). Written, informed consent was obtained from all study participants. These women
were assessed for BV at enrollment using procedures similar to those described for cohort 1. Swabs
collected at enrollment were stored at —80°C, transported to the laboratory on dry ice, and stored at
—80°C.

In addition to the discovery (cohort 1) and validation (cohort 2) cohorts used for genetic analyses, a
third clinical cohort (cohort 3; NIH project R0O1T HG005816) was enrolled between April 2011 and July
2013 from the PHSKC STD Clinic. Cohort 3 was approved by the Fred Hutchinson Cancer Research
Center IRB (number 7363). Written, informed consent was obtained from all study participants. In cohort
3, study clinicians collected cervicovaginal lavage (CVL) fluid by inserting 5ml sterile saline and then
using a pipette to transfer the saline into a 15-ml conical tube. The resultant fluid was divided into two
15-ml conical tubes and centrifuged for 10 min at 800 x g. The supernatant was separated into 2 cryovial
tubes and frozen at —80°C. After arrival in the lab from the clinic, CVL fluid supernatants were thawed,
spun down at 1,000 x g for 20 min (to remove any residual human cells), and aliquoted. Single aliquots
were thawed for downstream experiments. These CVL fluid specimens from cohort 3 were used to assess
cytokine concentrations and TLR5 agonism.

Single nucleotide polymorphism genotyping. TLR5 rs5744168 was genotyped using a commer-
cially available TagMan assay (Thermo Fisher, Waltham, MA). The discovery cohort (cohort 1) assay was
run on a Fluidigm 48.48 chip. The validation cohort (cohort 2) assay was run on a Fluidigm 96.96 chip.
Genotypes that could not be resolved on those chips were run as single SNP assays using StepOnePlus
(Applied Biosystems, Foster City, CA). A dominant model was chosen for analysis based on published
data (18).
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DNA extraction and quantitative PCR. DNA was extracted using commercially available bacterial
DNA extraction kits, and quantitative PCR (qPCR) was performed as described elsewhere (1, 36).

In cohort 1, BVAB1 was chosen for quantitation based on its possession of a putative flagellin gene.
Gardnerella vaginalis and Lactobacillus crispatus were selected as representative bacteria present in BV
and in its absence, respectively.

Cohort 2 was assayed for the same species and genera as cohort 1 with the addition of Mobiluncus
mulieris and Mobiluncus curtisii. To quantify the latter two species, a multiplex gPCR assay was developed
specifically for this study, using forward primer Mobi1007F (5'-CTTACCAAGGCTTGACATACA-3’), reverse
primer Mobi1088R (5'-ACCACCTGTACACCACC-3'), and the species-specific probes Mmuli1034_1054
(5'-VIC-CATGCCAGAGATGGTGTGG-MGB-NFQ-3’) and Mcurt1034_1054 (5'-FAM-TGGTTCCAGAGATGGG
CCAG-MGB-NFQ-3). Precycling conditions were 50°C for 2 min followed by 95°C for 20s and then 45
cycles of 95°C for 2's, 57°C for 20's, and 72°C for 20s.

Amino acid sequence analysis of flagellin from BVAB1, M. curtisii, and M. mulieris. To obtain
full-length BVAB1 FlaA sequences, we consulted a BVABT-dominant (~70% relative abundance) vagi-
nal metagenome generated from a CVL sample collected from a participant in another study of
women of reproductive age at the PHSKC STD Clinic (cohort 4; recruited September 2006 to June
2010; NIH RO1 Al061628 [1, 6]). DNA was extracted from the CVL pellet as described above and used to
generate a TruSeq library for sequencing on the HiSeq 2500 instrument (Fred Hutchinson Cancer
Research Center Genomics Shared Resource). Raw reads were evaluated for quality using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and reads aligning to the hg19 reference
were removed with Best Match Tagger (ftp://ftp.ncbi.nim.nih.gov/pub/agarwala/bmtagger/). Deduplication
was then performed using Picard’s EstimateLibraryComplexity (http://broadinstitute.github.io/picard/), fol-
lowed by end trimming with trimBWAstyle.usingBamé.pl (-o 33 -q 3) (https://github.com/SycuroLab/
delaCruz_flaA_TLRS5). Pairs with one or both reads shorter than 60 nucleotides (nt) were discarded, yielding
3,351,401 clean nonhuman read pairs (100 bp). These were assembled using SPAdes version 3.5.0 with the
following parameters: -k 21,33,55,77 —phred-offset 33 (36). The resulting assembly was filtered to remove
contigs less than 500 nt, leaving 4,036 contigs (N5, = 19,073 nt). Contigs were annotated using the classic
RAST pipeline (37, 38) and aligned to the BVAB1 MAG FlaA sequences using BLASTP (39).

M. mulieris (35239, 35243, 28-1, FB024-16, and FDAARGOS_303) and M. curtisii (35242, 43063, and
51333) amino acid sequences annotated as “FlaA” were obtained from the PATRIC database (37); in addi-
tion, FliC sequences from Pseudomonas aeruginosa and Salmonella enterica serovar Typhimurium and
FlaA sequences from Listeria monocytogenes were obtained. Sequences were aligned using the MUSCLE
algorithm implemented in Geneious (38). After further inspection, M. mulieris FDAARGOS_303 was
excluded from the analysis, as it contains 16 sequences annotated as FlaA in its genome and was thus
an outlier among the other M. mulieris whole-genome sequences. The amino acid sequences aligning to
the previously described 10-amino-acid TLR5 recognition sequences (24) present in well-characterized
agonists (P. aeruginosa, S. enterica serovar Typhimurium, and L. monocytogenes) were identified as the
probable recognition sequences of BVAB1 and Mobiluncus spp. The gross alignments were compared to
assess sequence length and the presence of conserved amino acid domains DO, D1, D2, and D3
(reviewed in reference 39). Additional structural threading was performed using phyre2 (25).

Preparation of heat-inactivated M. curtisii and M. mulieris. M. curtisii ATCC 35241 and M. mulieris
UPII 28-1 were first grown on Brucella agar with 5% sheep blood (supplemented with hemin and vitamin
K; Hardy Diagnostics, Santa Maria, CA) and were passaged twice before use in experiments to ensure pu-
rity. We verified motility of these strains by observing movement of cells grown in broth under wet
mount and growth in motility agar (0.25% agar) (5).

A loop of bacterial cells scraped from the plate was suspended in fresh PYGmod broth and used to
inoculate disposable culture tubes containing 5 ml PYGmod (40). Bacteria were incubated for 72 h at 37°
C (without shaking) in an anaerobe chamber (Anaerobe Systems, Morgan Hill, CA), after which cells were
pelleted, washed 3 times, resuspended in 3 ml PBS, and heat treated at 65°C for 30 min. Heat-inactivated
cells were aliquoted and stored at —20°C until use. Each biological replicate of stimulation experiments
using these heat-inactivated cells was performed using a different aliquot to avoid multiple freeze-thaw
cycles.

Partial purification of flagellin from Mobiluncus spp. We partially purified flagellin using a proto-
col adapted from the work of Smith et al. (12). Briefly, 400 m| Columbia Broth (catalog no. DF0944170;
Difco/Fisher Scientific) with 5% horse serum (catalog no. H1138; Sigma-Aldrich) was inoculated with M.
mulieris or M. curtisii and grown anaerobically, without shaking. After 3 days incubation at 37°C, bacteria
were pelleted at 6,400 x g for 10 min, resuspended in 60 ml sterile phosphate-buffered saline (PBS), and
placed in a blender (Hamilton Beach). To shear flagellar filaments from cells, bacteria were blended at
high speed for 3 min and then centrifuged at 6,400 x g for 15 min to pellet bacterial cells. Supernatant
was removed and centrifuged at 100,000 x g for 1 h at 4°C to pellet flagellar filaments. The resulting su-
pernatant was then removed, and the pellet was resuspended in 1 ml sterile PBS and centrifuged again
at 100,000 x g for 1 h at 4°C. After removal of the supernatant, filaments were resuspended in 1 ml sterile
PBS and heat treated in a 70°C water bath for 20 min to dissociate filaments into monomers. Monomers
were separated from undissociated filaments through centrifugation (100,000 x g, 1 h, 4°C). Supernatant
was transferred to a separate microcentrifuge tube, stored at 4°C, and used for TLR5 stimulation assays
within 1 week.

Identification of bacteria and cervicovaginal lavage fluid capable of TLR5 agonism. HEK Blue
Null1 (Invivogen, San Diego, CA; catalog no. hkb-null1, lot no. 39-01-hkbnull1) and HEK Blue hTLR5
(Invivogen, San Diego, CA; catalog no. hkb-htlr5, lot no. 38-01-hkbhtlr5) cells were grown according to
the manufacturer’s protocol. These cell lines were derived from HEK293 cells and were each transfected
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with a plasmid encoding an NF-kB-driven secretory embryonic alkaline phosphatase (SEAP) reporter. Per
the manufacturer’s package insert, HEK Blue hTLR5 expression is 20 to 100 times the endogenous hTLR5
expression in HEK293 cells.

For each biological replicate, cells were thawed from frozen stocks (passage number 3 to 5), washed
in fresh Dulbecco’s modified Eagle medium (DMEM) (Gibco, Thermo Fisher, Waltham, MA), and plated
on 65-mm tissue culture-treated dishes in 5 to 6 ml medium containing selective antibiotics. The follow-
ing day, cells were passaged to 150-mm dishes and incubated with selective antibiotics until 50 to 60%
confluent. Medium was replaced every day to ensure effective concentrations of selective antibiotics.
Before use in an experiment, cells were washed with fresh PBS, then scraped in 2 to 3 ml PBS, resus-
pended, and counted. Concentrated cells in PBS were resuspended in fresh HEK-Blue detection medium
(InvivoGen, San Diego, CA; catalog no. hb-det2) at an approximate concentration of 140,000 cells/ml.
Each plate included purified FlaA from Bacillus subtilis (InvivoGen, San Diego, CA; catalog no. tlrl-pbsfla)
as a positive control and PBS (Gibco/Thermo Fisher, Waltham, MA) as a negative control. Each experi-
ment included three technical replicates per condition. Optical density at 620 nm (OD,,) was measured
using a VersaMax microplate reader (Molecular Devices, San Jose, CA).

As noted in the manufacturer’s product notes, any exogenous source of NF-kB activation will pro-
duce a SEAP-response in both HEK Blue Null1 and HEK Blue hTLR5 cells. These include cytokines such as
tumor necrosis factor alpha (TNF-) and ligands for any endogenously expressed pattern recognition
receptors (TLR3, TLR5, and NOD1).

Measurement of IL-8 in vaginal fluid. Vaginal swabs were placed in 2-ml microcentrifuge tubes
and vortexed with 450 ul sterile saline for 1 min at high speed. Swabs were removed from the tube and
discarded. The cellular material in the tube was pelleted by centrifuging at 14,000 rpm for 10 min at 4°C.
Supernatant was then separated from the cell pellet and stored at —80°C.

IL-8 concentration in swab supernatants was determined by ELISA (R&D Systems, Minneapolis, MN;
catalog no. DY208). Samples were warmed to room temperature before being assayed. Any samples
that were undetectable were imputed at half the level of detection.

Statistical analysis. Data analysis was performed using R version 3.6.0 for Windows.

(i) TLR5 deficiency and bacterial vaginosis. Analyses were restricted to women with resolved TLR5
genotypes. Because recent diagnosis of BV is a strong predictor of recurrent BV, we estimated the effect
of TLR5 deficiency on risk of incident BV in the discovery cohort by restricting our analysis to women
with BV at enrollment in the discovery cohort. In this subcohort, we used Cox proportional hazards
regression (R package “survival,” version 2.41.3) to estimate differences in time to first diagnosis of BV
between TLR5-sufficient and -deficient women. In the validation cohort, logistic regression was used to
estimate cross-sectional differences in odds of clinically and microbiologically defined BV.

(ii) Bacterial colonization in the discovery cohort. To assess differences in bacterial colonization in
the discovery cohort, we used generalized linear regression with random effects at the study participant
level to control for repeated measurements. This analysis was limited to 54 (of 214 total) study partici-
pants who (i) had gPCR data available; (ii) had prevalent BV at enrollment or developed incident BV dur-
ing the study; (iii) had bacterial colonization data for least 7 days immediately following an episode of
BV, and (iv) were not missing key demographic data (age, race, history of BV, or use of hormonal contra-
ception). The analysis was further restricted to participants with resolved TLR5 genotypes. A schematic
representation of how enrollees were included or excluded from the analysis can be found in
Fig. S5.

This subset included 16 TLR5-deficient participants, and we selected TLR5-sufficient participants in a
2:1 ratio using Matchlt (v3.0.2) to balance risk factors known to influence risk of BV (age, race, hormonal
contraception, and sex with men/women). To be included in the analysis, participants were required to
have no missing data used for matching; no imputation was performed for this analysis. Comparison of
risk of recurrent BV, longitudinal percentage with microbiological diagnosis of BV, and demographic
characteristics used for matching are available in Fig. S1.

(iii) Bacterial colonization in the validation cohort. In the validation cohort, bacterial colonization
data were generated for all study participants. We began with 8 TLR5-deficient study participants and
matched these in a 4:1 ratio to TLR5-sufficient participants with similar risk of BV (age, race, hormonal
contraception, and douching) using Matchlt (v3.0.2). Analysis was limited to participants with resolved
TLR5 genotypes who were not missing any demographic data used for matching; no imputation was
performed for the analysis. Comparison of demographic characteristics used for matching in TLR5-defi-
cient and -sufficient women is depicted in Table S2. We used two-sided t tests to assess differences in
bacterial colonization between TLR5-deficient and -sufficient study participants.

Host response to flagellated BVAB. Nonparametric Mann-Whitney tests were used for pairwise
tests in HEK reporter cell experiments. Within cell types (HEK Null1 versus HEK hTLR5), comparisons
were made between each experimental condition and the negative control. Where there were signifi-
cant differences between the experimental condition and negative control, a between-cell-type compar-
ison was made. Cytokine concentrations were compared between TLR5-deficient and -sufficient partici-
pants using Mann-Whitney nonparametric tests.

Data availability. Cohort metadata, quantitative PCR, and cytokine data are available at https://osf
.io/tq9cf/?view_only=310002af29c54739abbee56dec8def9a. R scripts used for data analysis and figure
generation are available at https://github.com/ejdelacruz/tir5-deficiency-flagellated-vaginal-bacteria.
Scripts used for processing metagenomic reads are available at https://github.com/SycuroLab/delaCruz
_flaA_TLR5. Metagenomic reads have been uploaded to the NCBI Sequence Read Archive (SRA; study,
PRINA612150; sample, FHVM-1_L1H1 [SAMN14363795]; experiment, LTHT [SRX7899168]; run, FHVM-
1_L1H1_clean_R1.fastq [SRR11293606]).
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